We assessed the associations between body mass index (BMI) and blood pressure (BP) with the retinal microvasculature among preschool-aged children. Three hundred and seventy-nine children aged 3-o6 years old had gradable retinal photographs, and quantifiable retinal vascular caliber using validated computer-based methods. Weight, height, BMI, waist circumference and BP were obtained using standardized protocols. Mean (±s.d.) BMI and systolic BP in preschool-aged children were 16.0 (±1.8) kg m À 2 and 93.2 ( ± 9.9) mm Hg, respectively. After multivariable adjustment, each kg m À 2 increase in BMI was associated with a 1.06 mm narrowing of retinal arteriolar caliber (P ¼ 0.01) and 1.12 mm widening of retinal venular caliber (P ¼ 0.02). Children in the X95th percentile (obese) compared with those in the o85th percentile (healthy weight) had narrower retinal arteriolar caliber (B6.1 mm, P trend ¼ 0.01) and wider retinal venular caliber (B6.4 mm, P trend ¼ 0.01). Each 10 mm Hg increase in systolic BP was associated with a 1.70 mm narrower retinal arteriolar caliber (multivariable-adjusted P ¼ 0.02). We show that BMI and systolic BP have inverse linear associations with retinal arteriolar caliber, and BMI has a positive linear association with retinal venular caliber during early childhood. These findings suggests that the influence of BP and BMI on small vessels are continuous and commence early in life.
INTRODUCTION
It is known that childhood obesity 'tracks' into adulthood, underlying the major epidemics of metabolic and cardiovascular diseases around the world. 1, 2 Higher than normal blood pressure (BP) during childhood and adolescence is also known to predict increased cardiovascular risk in later life 3 and the development of early atherosclerosis. [4] [5] [6] However, the exact pathophysiological changes underlying these associations are not well understood. The retina vasculature can be viewed non-invasively, and thus, can be a surrogate for the systemic microvasculature. 7, 8 Retinal imaging offers a unique opportunity to explore potential mechanistic pathways relevant to small vessel disease that could lead to cardiovascular disease in adulthood.
Adult studies show that adverse changes of retinal vascular caliber (narrower retinal arteriolar caliber and wider venular caliber) are associated with obesity and components of the metabolic syndrome, 9 ,10 and also predict major cardiovascular outcomes. 7, 11 However, very few studies have assessed the effect of body mass index (BMI) and adiposity on the retinal microvasculature in children (Table 1) , and previous studies have only examined children aged 6 years and older. Previously, our group observed a B2 mm narrowing of retinal arteriolar caliber between the highest and lowest quartile of BMI among both 6-and 12-year-old school children (Table 1) . 2, 12 A Singaporean study of 136 children aged 6-16 years 13 showed that greater triceps skinfold and BMI were associated with wider retinal venular caliber (Table 1) .
Very few community-based studies have assessed whether elevated BP in childhood could influence the microcirculation and subsequent target end-organ damage.
14, 15 We previously showed that in 6-year-old children, each 10 mm Hg increase in systolic BP and mean arterial BP, was associated with 2.08-and 2.00-mm decreases in arteriolar caliber, respectively (Table 1) . 15 A similar decrease in retinal arteriolar caliber was associated with increasing BP was observed in 12-year-old children (Table 1) . Only one study to date, has examined this relationship in preschool-aged children. A Singapore study of 385 children aged 4-5 years old, 14 showed that each 10-mm Hg increase in systolic BP was associated with 2.0 mm narrowing of retinal arteriolar caliber and 2.5 mm widening of retinal venular caliber (Table 1) .
Given the paucity of population-based data on the associations of body mass and BP parameters with retinal vascular caliber among very young children, we used a community-based sample of healthy preschool-aged children (3-o6 years old) to systematically examine whether anthropometric measures (BMI and waist circumference), weight status and BP are associated with adverse microvascular structural changes (narrower retinal arterioles and wider retinal venules), after adjusting for potential confounders.
MATERIALS AND METHODS

Study population
The Sydney Pediatric Eye Disease Study was conducted during [2007] [2008] [2009] and recruited children between the ages 6 and 72 months (n ¼ 3333) via door-to-door census in four randomly selected postcodes in metropolitan Sydney, Australia. A total of 2461 children were examined (73.8%, response rate). There were no other specific inclusion and exclusion criteria for this study. The data included in this report focus on 1077 children aged 3 to less than 6-years-old who were examined. Written informed consent was obtained from parents and all examination protocols were approved by the University of Sydney Human Research Ethics committee and adhered to tenets of Declaration of Helsinki.
Anthropometry
Height and length was measured using a free-standing telescopic height rod (SECA model 220; Hamburg, Germany). Waist circumference (cm) was measured using a steel measuring tape with measurements made halfway between the lower border of the ribs, and the iliac crest in a horizontal plane. Weight was measured using a SECA 4802 digital floor scale (Scaletronix, White Plains, NY, USA). BMI was calculated as weight divided by the height squared (kg m À 2 ). Children were classified on the basis of age and sex-specific BMI into three groups: o85th percentile (healthy weight), X85th and o95th percentile (overweight) and X95th percentile (obese). 16 
BP measurements
Systolic and diastolic BP and heart rate were measured with an IntellisenseTM OMRON digital automatic BP monitor (model HEM-907; OMRON Healthcare, Preston, VIC, Australia). The average of two readings was used for data analysis. We used a cuff that was appropriate to the size of the child's upper right arm and followed general recommendations on selecting cuff size to ensure that the bladder length was B80% and width was X40% of the arm circumference, covering the upper arm without obscuring the antecubital fossa. 17, 18 The children were categorized as having high BP by computing specific systolic and diastolic BP percentiles, adjusted for height, age and sex, using the formulae in Appendix B of the 2004 US 'Fourth Report on the Diagnosis, Evaluation and Treatment of High BP in Children and Adolescents'. 18, 19 Briefly, the 2000 Centers for Disease Control reference growth charts were used to convert the height to a height z-score relative to boys and girls of the same age. 19 Additionally, regression coefficients from BP regression models (provided in the 4th report) were used to compute the specific systolic and diastolic BP percentiles for boys and girls separately. 18 High BP was then defined as systolic and/or diastolic BP X95th percentile. 18 Retinal photography and analysis Following pupil dilation, digital retinal photographs of the macula and optic disc were obtained for both eyes using a Canon 60 Mydriatic Fundus Camera (model CF-60 Uvi, Canon Inc., Tokyo, Japan). The methods used to measure retinal vessel caliber have been described previously. 20, 21 Briefly, a computer imaging analysis program (IVAN, University of Wisconsin, Madison, WI, USA) was used to measure the caliber of all retinal vessels within 0.5-1.0 disc diameter from the optic disc. The largest six arteriolar and largest six venular measurements were used to calculate the average arteriolar and venular calibers using the revised Knudtson-Parr-Hubbard formula. 22 These are summarized as the central retinal arteriolar equivalent and the central retinal venular equivalent. In this study, retinal vessel calibers from the right eyes were used primarily, with calibers from the left eyes used only when the right eye was un-gradable, as high correlation between the two eyes has been reported previously. 23 One grader, masked to all participant characteristics, performed all the retinal vascular caliber measurements in this study. Inter-grader reliability was high with Pearson correlation coefficients for central retinal arteriolar equivalent between 0.84-0.91 and between 0.87-0.93 for central retinal venular equivalent.
Assessment of covariates
In The Sydney Pediatric Eye Disease Study, two questionnaires (113-item and 63-item) were completed by the parents of the children in the study (largely by the mother). Questions from The Sydney Pediatric Eye Disease Study covered socio-demographic information including ethnicity, country of birth, education, occupation and parental age were included. Data from the government-issued personal health record for children provided to the parents of all Australia-born children, containing details on birth parameters (birth weight, weeks of gestation) and growth charts (height, weight and head circumference) recorded at the time of birth and at subsequent baby health check visits, were gathered where possible.
Iris color was assessed from the undilated pupil of each eye and graded by the observer as blue, hazel-green, tan-brown or dark brown. Axial length was measured before cycloplegia with an optical biometer (IOLMaster; Carl Zeiss Meditec, Oberkochen, Germany), using dual-beam partial coherence interferometry. 24 The IOL Master uses a non-contact technique to measure axial length in children more than 30 months of age.
Statistical analysis
Statistical analyses were performed using SAS (SAS v9.1, SAS Institute, NC, USA). Retinal vascular caliber was the dependent variable and anthropometric and BP parameters were the independent variables. Multiple linear regression models were used to analyze a possible linear relationship between anthropometric, BP parameters (that is, per unit increase) and retinal vessel diameter. Adjusted means of retinal vessel caliber were compared across weight status categories that is, healthy, overweight and obese. We first adjusted for age and sex, and then further adjusted for ethnicity, iris color, axial length of the eyeball, fellow retinal vessel caliber and systolic BP (for an anthropometric-related study factor) or BMI (if the BMI, blood pressure and retinal vessels B Gopinath et al study factor was BP). Birth weight (as a continuous variable) was not a significant covariate in the multivariable-adjusted regression models and hence, was not adjusted for in the final, parsimonious model.
RESULTS
Gradable photographs were not available in some children (n ¼ 495) and there were some whose photographs had questionable image quality (n ¼ 203), for reasons such as refusal of eye drops, inability to keep still (particularly in younger participants) and significant photophobia. Hence, children with un-gradable or poor quality photographs were excluded from analyses (n ¼ 698). We compared study characteristics between those included (n ¼ 379) and those excluded from analyses (n ¼ 698). Included versus excluded participants had significantly narrower retinal arteriolar (Po0.0001) and venular caliber (P ¼ 0.001); were more likely to be older (Po0.0001) but less likely to be of East Asian ethnicity, and to have lower BMI (P ¼ 0.01) and blue iris color (P ¼ 0.04). Table 2 shows the study characteristics of the 379 participants included in the present study: 53% were Caucasians and had a mean age of 55.5 ( ± 10.3) months, and a mean BMI and systolic BP of 16.0 kg m À 2 (±1.8) and 93.2 mm Hg ( ± 9.9), respectively.
After multivariable adjustment, each kg m À 2 increase in BMI was associated with a 1.06 mm narrowing of retinal arteriolar caliber (P ¼ 0.01) and 1.12 mm widening of retinal venular caliber (P ¼ 0.02; Table 3 ). Further, each cm increase in waist circumference was associated with 0.28 mm narrowing of retinal arteriolar caliber (P ¼ 0.01) and 0.40 mm widening of retinal venular caliber (P ¼ 0.001; Table 3 ). Table 4 shows significant trends for narrower retinal arteriolar caliber (B6.1 mm, P trend ¼ 0.01) and wider retinal venular caliber (B6.4 mm, P trend ¼ 0.01) associated with increasing body mass categories, from the o85th percentile (healthy weight) to X95th percentile of BMI (obese).
After multivariable-adjustment, each 10 mm Hg increase in systolic BP was associated with a 1.70 mm narrower retinal arteriolar caliber (P ¼ 0.02; Table 4 ). No significant associations were observed between diastolic BP or mean arterial BP and retinal vessel caliber (Table 5) . However, no associations were observed between having a higher BP (X95th percentile, n ¼ 47, 12.4%) and retinal vascular caliber (data not shown).
We also assessed interactions between BP and BMI on retinal vascular caliber. After multivariable adjustment, a significant interaction between systolic BP and BMI was observed on retinal arteriolar caliber, P interaction ¼ 0.04. Hence, analyses of the association between BP and retinal vascular caliber were stratified by weight status. After multivariable adjustment, a significant narrowing in retinal arteriolar caliber (B0.26 mm, P ¼ 0.001) associated with each 10 mm Hg increase in systolic BP was observed among healthy weight children (o85th percentile, n ¼ 228). No significant associations were observed for systolic BP with retinal arteriolar caliber among children in other weight categories (overweight, n ¼ 42; and obese, n ¼ 25) or for diastolic BP and mean arterial BP with retinal arteriolar caliber (data not shown).
Similarly, after multivariable adjustment, among those with BP in the normal range (o95th percentile, n ¼ 342), each unit increase in BMI was associated with À 1.11 mm narrower of retinal arteriolar caliber and 1.24 mm wider retinal venules, both P ¼ 0.01. No significant associations were observed among those with BP in the high category (X95th percentile, n ¼ 31), likely to be due to a lack of power.
DISCUSSION
We show that among preschool-aged children, BMI, waist circumference and systolic BP have inverse, linear associations with retinal arteriolar caliber, and BMI and waist circumference have a positive linear association with retinal venular caliber. These findings concur with some prior childhood studies and emphasize that the pattern and magnitude of the associations of BMI and BP with adverse microvascular structural changes exists very early in life, and are consistent from childhood through to adulthood.
To our best knowledge, the independent association between BMI and waist circumference with retinal vascular caliber among children younger than 6 years has not previously been reported. The observed effect size of BMI on retinal venular caliber was similar between our report and a recent Singaporean study; 13 1.12 and 0.97 mm, respectively (Table 1) . Adult studies such as the Multi-Ethnic Study of Atherosclerosis 25 reported a narrowing of the retinal arteriolar caliber and widening of the venular caliber with increasing BMI, with a similar magnitude of effect to that observed in our study. Therefore, our findings from children aged less than 6 years extend previous findings from adult and schoolage populations confirming a modest influence of BMI on retinal microvascular structure, which is consistently present from early childhood to adulthood. The mechanisms underlying the association between adiposity with retinal arteriolar narrowing and venular widening are yet to be clarified. Systemic inflammation is associated with changes in retinal venular caliber 26 and thus, may be a mechanism by which obesity affects the retinal microvascular structure. Further, obesity is related to increased total blood volume, 27 and retinal venular widening may be a regulatory response to the increased blood flow. 28 The retinal arteriolar narrowing observed in heavier preschool-aged children could be due to the increased production of reactive oxygen species in obesity; 29 this oxidative stress in turn, could inhibit the endothelium-dependent nitric oxidemediated dilatation of retinal arterioles. 30 Unlike BMI, waist circumference can provide information on the pattern of fat distribution, in particular abdominal obesity. 31 The observed association between increased waist circumference and retinal arteriolar narrowing and venular widening, corroborates data from a study of young women showing that excessive adiposity, mainly abdominal, was sufficient to elicit microvascular dysfunction. 32 The findings from the present study expand on the existing literature; as they show that elevated systolic BP could adversely influence the retinal microvasculature in children as young as 3 years of age. These data agree with the recent Singaporean study of young children aged 4-5 years (Table 1) , as the magnitude of retinal arteriolar caliber narrowing was relatively similar between both studies, adjusted means of B1.7 versus B2.0 mm for each 10 mm Hg increase in systolic BP (Table 1 ). This observed narrowing of retinal arterioles by B1.7 mm per 10 mm Hg increase in systolic BP is similar to the magnitude of retinal arteriolar caliber narrowing previously observed in children aged 6-and 12-years, respectively (Table 1) . However, in contrast with the Singaporean study, we did not show a significant positive relationship between systolic BP and retinal venular caliber. Our current finding on the association between BP and retinal vascular caliber is consistent with our previous report on Sydney and Singaporean school children 6, 15 and adult studies, 8 that have all demonstrated a non-significant association between BP and retinal venular caliber.
Moreover, we observed that the association with systolic BP was stronger in non-overweight/obese children. The mechanisms for this unexpected relation among healthy weight children are not readily apparent. However, we hypothesize that overweight/obese children could have other unmeasured confounders (for example, higher fasting blood glucose and unhealthy dietary or lifestyle patterns) that could mask the relation between BP and retinal arterioles. Alternatively, there may have been a lack of power to detect an association in the overweight or obese group, as it only comprise of 50 and 28 children, respectively, compared with 268 non-overweight/obese children.
The pathophysiologic changes in the retinal vessels in response to BP influences could be due to nitric oxide-dependent endothelial dysfunction, that is, decreased levels of nitric oxide may contribute to impaired endothelium-dependent vasodilatation in the presence of elevated BP. 33 Alternatively, as speculated previously by our group, narrowing of the retinal arterioles could simply reflect the normal auto-regulatory constriction in response to higher BP in children. 6, 15 These associations observed in very young children, suggest that associations of BP and BMI with small vessel structural changes manifest a continuous pattern, and are present in children younger than 6 years of age, who are generally healthy and free of systemic cardiovascular diseases and diabetes.
14 Retinal microvascular changes in adults appear to be structural markers of subclinical cardiovascular disease that signals future risk of hypertension and vascular events. 7, 34 Therefore, the presence of a structural vascular impact from increased BMI and BP at a very early age could have Children were classified on the basis of age and sex-specific BMI into three groups: o85th percentile (non-overweight/ obese), X85th and o95th percentile (overweight) and X95th percentile (obese). 16 b Further adjusted for ethnicity, iris color, systolic BP, axial length and fellow retinal vessel caliber.Further adjusted for ethnicity, iris color, systolic BP, axial length and fellow retinal vessel caliber. BMI, blood pressure and retinal vessels B Gopinath et al potential flow-on benefits for development of preventive measures in early childhood such as reduction in excessive energy and salt intake, and increased physical activity. Nevertheless, longitudinal data on these relationships in children are still necessary to both confirm and provide additional insights into the clinical significance of our observations. Strengths of this study, include its random cluster sample of a relatively large number of representative preschool-aged children; satisfactory response rate; standardized measures of retinal vessel caliber, anthropometric parameters and BP; and the availability of detailed information on potential confounders. Nevertheless, there are some potential limitations. First, the cross-sectional design of this study does not permit causal inference from the observed associations. Second, we cannot rule out the possibility of residual confounding effect from unmeasured and unknown confounders such as dietary and activity parameters. Third, a subset of children were included for analyses in this study (n ¼ 379), with 698 children who had un-gradable or low quality retinal photographs excluded; and significant differences in study characteristics for example, age, ethnicity, retinal vascular caliber and BMI were observed between the two groups. Moreover, we cannot exclude the possibility that changes in the retinal microvasculature and BMI and BP is manifested particularly among participants who were included for analyses rather than those individuals that were excluded due to the poor quality of their retinal photographs. Therefore, we cannot disregard the possibility of selection bias (either due to the inclusion or exclusion of certain participants) influencing our study findings.
In summary, in this sample of children aged younger than 6 years, increasing BMI and waist circumference, and an unhealthy weight status were independently associated with narrower retinal arterioles and wider venules. Higher systolic BP was also associated with smaller mean retinal arteriolar caliber. These subtle retinal microvascular changes could be markers underlying future pathophysiologic changes in the cerebrovascular and cardiovascular system in adulthood.
14 Hence, the modest adverse associations of BP and BMI with the microvasculature occurring early in life, may provide further evidence supporting the benefits of implementing a healthy lifestyle from very early childhood.
What is already known on this topic
Retinal imaging offers a unique opportunity to explore potential mechanistic pathways relevant to small vessel disease that could lead to cardiovascular disease in adulthood. Very few community-based studies have assessed whether elevated blood pressure (BP) increase in childhood could influence the microcirculation. Some childhood studies have shown that adverse changes of retinal vascular caliber (narrower retinal arteriolar caliber and wider venular caliber) are observed with unhealthy weight status and an elevated BP.
What this study adds
We show that among preschool-aged children, body mass index (BMI), waist circumference and systolic BP had inverse, linear associations with retinal arteriolar caliber. Moreover, BMI and waist circumference had a positive linear association with retinal venular caliber. These data suggest that associations of BP and BMI with small vessel structural changes manifest a continuous pattern, and are present in children younger than 6 years of age, who are generally healthy and free of systemic cardiovascular diseases.
